A novel methane-producing archaeon, designated strain HASU T , was isolated from a lotus field.
described the first methane-producing archaea (methanogens) that were able to utilize alcohols other than methanol as substrates for growth and methane production. Two strains that were able to grow on secondary alcohols such as 2-propanol and 2-butanol were isolated, and one of these strains, designated strain CV T , was also able to utilize ethanol as an energy source (Widdel, 1986) . Strain CV T was subsequently characterized taxonomically and was described as representing Methanogenium organophilum (Widdel et al., 1988) . At the time of writing, although several different taxonomic groups of methanogens have been shown to be capable of growth on secondary alcohols (Grahame & Stadtman, 1993) , Methanogenium organophilum is the only methanogen that is known to be able to grow with primary alcohols other than methanol. Recently, we have successfully isolated an ethanol-utilizing methanogen, designated strain HASU T , from a lotus field. In the present report, we provide details of the morphological, physiological and phylogenetic characteristics of strain HASU T and propose that this strain represents a novel species of the genus Methanofollis. This novel taxon is the second example of a methanogen that is capable of utilizing primary alcohols for growth and methane production.
A lotus field mud sample was obtained at Nagaoka, Niigata, Japan (37 u 309 570 N 138 u 529 340 E). After sampling, the mud was immediately washed with phosphate buffer (10 mM, pH 7.2) under nitrogen gas to remove extra roots and plant debris, and the mud was then collected by centrifugation for 5 min at 9000 g. The mud was resuspended in phosphate buffer and inoculated into an enrichment culture medium. The medium for cultivation of strain HASU T was based on that of Widdel & Pfennig (1981 HCl, 6 .7 mg thiamine?HCl, 7.5 mg riboflavin, 2.4 mg nicotinic acid, 9.5 mg D-pantothenate (calcium salt), 0.1 mg vitamin B 12 , 2.7 mg p-aminobenzoic acid and 4.1 mg lipoic acid. Enrichment cultures were incubated anaerobically at 25 u C. After isolation, all incubations were performed at 37 u C in 50-ml serum vials containing 20 ml medium (pH 7.2 at 25 u C) under an atmosphere of N 2 / CO 2 (80 : 20, by vol.) without shaking, unless otherwise mentioned. The serum vials were sealed with butyl rubber stoppers and aluminium crimp seals. To monitor whether the media were kept under anaerobic conditions, resazurin was added to the medium as a redox indicator. In the nutritional tests, substrates added to the vials were neutralized prior to inoculation, and the media were supplemented with 0.01 % yeast extract (w/v) and 1 mM acetate. Growth and substrate utilization were determined by monitoring the turbidity of the cultures (OD at 400 nm) and the production of methane. All incubations for growth/substrate utilization tests were performed in triplicate at 37 u C for over 3 months. Effects of temperature, pH, NaCl concentration and antibiotics on the growth of strain HASU T were determined in media containing 0.01 % yeast extract (w/v) in the presence of 5 mM ethanol in triplicate culture vessels. Tests for growth temperature, pH and salinity ranges were carried out at 4-60 uC, pH 5.5-8.5 and 1-30 g NaCl l
21
. For pH growth tests, the pH value was adjusted at room temperature to 5.5-8.5 by adding HCl or NaOH solution under a 100 % N 2 atmosphere prior to inoculation. The pH of the medium was monitored every 5 days by using a handytype pH meter (HORIBA Twin pH B-212), and the pH was readjusted by using HCl and NaOH solution if it had changed significantly from the initial value. To test for the effect of NaCl concentration on growth, NaCl was added to the medium at concentrations of 1-30 g l
. Antibiotic susceptibility was examined with cultures supplemented with antibiotics at a final concentration of 100 mg ml
. Cell morphology was examined under an epifluorescence microscope (Olympus BX51F) with a colour CCD camera system (Olympus DP71). The Gram-staining reaction was performed according to Hucker's method (Doetsch, 1981) . Cell lysis was checked by adding SDS at a final concentration of 0.01-1.0 % (w/v), and was determined by microscopic observation of cell integrity. Short-chain fatty acids, methane, hydrogen and carbon dioxide were measured as described by Imachi et al. (2000 Imachi et al. ( , 2002 . Ethanol was measured by HPLC by using an SCR-101-H column (Shimadzu) and a refractive index detector (Sekiguchi et al., 2001) . The G+C content of the genomic DNA was determined by HPLC as described by Nakagawa et al. (2003) , and represented the result of a single determination.
All procedures for DNA extraction, 16S rRNA gene-based cloning and sequencing were as reported previously . For PCR amplification, primers Arch21F (DeLong, 1992) and 1490R (Weisburg et al., 1991) were used to obtain the nearly full-length 16S rRNA gene sequence of strain HASU T . Comparative 16S rRNA gene sequence phylogenetic analysis was performed as described previously . 16S rRNA gene sequence similarity values were calculated by using the Calculate Matrix function of the ARB program with Jukes and Cantor correction (Jukes & Cantor, 1969; Ludwig et al., 2004) . Bootstrap resampling analysis was performed with the neighbour-joining, maximum-parsimony and maximum-likelihood methods to estimate the confidence of tree topologies, as described by Sekiguchi et al. (2006) .
To cultivate ethanol-utilizing methanogens, the initial enrichment medium containing 5 mM ethanol as an energy source, 0.01 % yeast extract (w/v) and three antibiotics (vancomycin, penicillin G and kanamycin at a concentration of 100 mg ml 21 ) was used. The enrichment culture was incubated anaerobically at 25 u C. Cell growth and methane formation were observed after approximately 6 months incubation in the initial enrichment culture, but growth and methane production were detected within 14-20 days incubation in subsequent cultures (5 % inoculum, v/v) at 25 u C. Microscopic observation showed that irregularly coccoid, F 420 -autofluorescent cells were dominant in the ethanol enrichment culture. After successive transfers, the roll-tube method was employed three times. However, colony formation was not observed after 3 months incubation. Purification of the methanogen was by a serial dilution-to-extinction technique in liquid medium containing 5 mM ethanol, vancomycin, penicillin G and kanamycin. The purity of strain HASU T was demonstrated by the failure to grow in the following media at 25, 37 or 55 u C: (i) thioglycollate medium (Difco) containing approximately 150 kPa H 2 /CO 2 (in the head space) and 10 mM sulphate; (ii) thioglycollate medium containing 5 mM ethanol and 10 mM sulphate; (iii) thioglycollate medium containing 10 mM sucrose, 10 mM glucose, 10 mM cellobiose and 10 mM xylose; and (iv) AC medium (Difco). Moreover, we also tested purity by using a 16S rRNA gene-based cloning analysis with the archaeal universal primer set Ar109f (Großkopf et al., 1998) and 1490R. Forty-eight clones were selected randomly and sequenced. All 48 clonal sequences were identical and had the same 16S rRNA gene sequence as strain HASU T . We evaluated purity based on the failure to recover bacterial 16S rRNA gene amplifications by PCR with a universal bacterial primer set EUB338* (Amann et al., 1990; Daims et al., 1999) and 1490R. The results of these molecular surveys also indicated that the culture of strain HASU T was axenic.
Cells of strain HASU T were Gram-negative, non-motile, irregular cocci, 2-3 mm in diameter, that occurred singly (Fig. 1 ). Cells were susceptible to lysis with 0.1 % SDS (w/v), suggesting the presence of a proteinaceous cell wall (Boone & Whitman, 1988) . The strain was strictly anaerobic given that its growth was completely inhibited in the presence of trace quantities of oxygen (0. (Fig. 2) . The end products from 1-propanol were methane and propionate. The following substrates did not support growth or methane production: pyruvate (20 mM), lactate (20 mM), acetate (20 mM), propionate (20 mM), trimethylamine (10 mM), dimethylamine (10 mM), methylamine (10 mM), cyclopen- tanol (20 mM), methanol (20 mM), 2-propanol (5 mM) and 2-butanol (5 mM).
The optimum growth temperature of strain HASU T was 37 u C, although the first enrichment culture was incubated at 25 u C. No growth occurred below 10 u C or above 42 u C over 3 months incubation. The pH range for growth was estimated to be 6.5-7.5, with optimum growth at pH 7.0. Under optimum conditions (pH 7.0, 37 u C), the doubling time on ethanol medium containing 0.01 % yeast extract (w/v) was 3.0 days, which was calculated based on measurement of the optical density at 400 nm. Strain HASU T did not require NaCl for growth, but it was able to grow at NaCl concentrations up to 25 g l 21 . Strain HASU T was resistant to ampicillin, vancomycin, penicillin G and kanamycin. Rifampicin, neomycin and chloramphenicol completely inhibited growth.
The G+C content of the total DNA of strain HASU T was 60.9 mol%. The nearly complete 16S rRNA gene sequence (1396 bp) of strain HASU T was determined. Comparative 16S rRNA gene sequence analysis showed that strain HASU T was affiliated with the genus Methanofollis (Fig. 3) . The closest relative of strain HASU T was Methanofollis liminatans GKZPZ T (96.1 % 16S rRNA gene sequence similarity; Fig. 3 ) (Zellner et al., 1990 (Zellner et al., , 1999 .
Based on its morphological, physiological and molecular phylogenetic traits, strain HASU T is considered to belong within the genus Methanofollis. As shown in Table 1, strain  HASU T and members of the genus Methanofollis share several phenotypic features, for example cell morphology, DNA G+C content, growth temperature and pH range (Table 1) . However, strain HASU T was able to utilize primary alcohols (ethanol, 1-propanol and 1-butanol) , in contrast to recognized members of the genus Methanofollis. In addition, levels of 16S rRNA gene sequence similarity also suggest that strain HASU T is distinct from recognized species of the genus Methanofollis (Stackebrandt & Goebel, 1994; Keswani & Whitman, 2001 ).
Strain HASU
T converted ethanol to methane and acetate. This reaction was also observed for Methanofollis organophilum, an ethanol-utilizing methanogen. This might imply that strain HASU T and Methanofollis organophilum share a similar metabolic pathway for methanogenesis from ethanol. However, as the pattern of secondary alcohol utilization is different between these two methanogens (Table 1) , the metabolic pathway for alcohol degradation may also be different for the two taxa. From the taxonomic point of view, strain HASU T can be phylogenetically distinguished from the type strain of Methanofollis organophilum (16S rRNA gene sequence similarity of 92.1 %; Fig. 3 ). (Zabel et al., 1984; Zellner et al., 1999; Zellner & Boone, 2001 ); 3,
Methanofollis liminatans GKZPZ T (Zellner et al., 1990 (Zellner et al., , 1999 Zellner & Boone, 2001 ); 4, Methanofollis aquaemaris N2F9704 T (Lai & Chen, 2001; Wu et al., 2005) ; 5, Methanofollis formosanus ML15 T (Wu et al., 2005) ; 6, Methanogenium organophilum CV T (Widdel, 1986; Widdel et al., 1988) .
+, Positive; 2, negative; +/2, variable; (+), growth and methane production very poor; ND, not determined. Based on these phenotypic and phylogenetic properties, we suggest that strain HASU T represents a novel species of the genus Methanofollis, for which the name Methanofollis ethanolicus sp. nov. is proposed.
Description of Methanofollis ethanolicus sp. nov.
Methanofollis ethanolicus (e.tha.no9li.cus. N.L. n. ethanol ethanol; L. suf. -icus -a -um suffix used with various meanings; N.L. masc. adj. ethanolicus belonging to ethanol, referring to the substrate ethanol, which can be metabolized by the species).
Strictly anaerobic. Cells stain Gram-negative, are nonmotile, irregular cocci, 2-3 mm in diameter, and are resistant to lysis with ,0.1 % SDS (w/v). H 2 , formate, ethanol, 1-propanol and 1-butanol can be used for growth and methane production. Secondary alcohols (2-propanol, 2-butanol and cyclopentanol) are not utilized. Acetate is required as carbon source for growth on substrates other than ethanol. Yeast extract enhances growth. Temperature range for growth is 15-40 u C (optimum, 37 u C). pH range for growth is 6.5-7.5 (optimum, pH 7.0). Growth occurs in the presence of 0-2.5 % NaCl but does not occur in the presence of 3.0 % NaCl. The G+C content of the DNA of the type strain is 60.9 mol% (HPLC).
The type strain, HASU T (5NBRC 104120 T 5JCM 15103 T 5DSM 21041 T ), was isolated from lotus field mud at Nagaoka, Niigata, Japan. Related most closely to Methanofollis liminatans GKZPZ T (96.1 % 16S rRNA gene sequence similarity).
